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Abstract 
A field facility has been developed to allow controlled studies of near surface CO2 transport and detection 
technologies.  The key component of the facility is a shallow, slotted horizontal well divided into six zones.  The 
scale and fluxes were designed to address large scale CO2 storage projects and desired retention rates for those 
projects.  A wide variety of detection techniques were deployed by collaborators from 6 national labs, 2 universities, 
EPRI, and the USGS.  Additionally, modeling of CO2 transport and concentrations in the saturated soil and in the 
vadose zone was conducted.  An overview of these results will be presented. 
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1. Introduction 
Geologic carbon sequestration is being viewed as a major strategy for controlling greenhouse gas emissions.  
Implementation will require monitoring techniques for storage confirmation and for public assurance.  Particularly 
key for reassuring the general public is near surface detection techniques.  A variety of promising techniques has 
been identified and many have been incorporated into the monitoring suites deployed at existing pilot sites such as 
Weyburn [Whittaker, 1] and Frio [Hovorka et al, 2].  Such pilots are enormously important to advance 
understanding of underground behavior of CO2, but since the sites are carefully and appropriately selected, no 
leakage occurs, and these tests cannot address the efficacy of near-surface detection techniques.  A number of 
studies have tried to address this by investigating naturally occurring leakage sites such as Mammoth Mountain 
[Anderson et al., 3; Lewicki et al., 4] and the Latera caldera in Italy [Annunziatellis et al., 5].  While these have 
yielded valuable information, the source term for the CO2 in these systems isn’t accurately known, which hampers 
the ability to determine monitoring performance.  An additional limitation of natural sites is that if the surface flux is 
well established, determination of rates of the onset of CO2 flow or rates of recovery upon termination of CO2 flow 
cannot be made since these sources cannot be turned “on” and “off.”  There have been a few controlled studies to 
investigate plant response to elevated levels of CO2 [Mulholland et al., 6], but these have had a small spatial extent 
so scaling to engineered systems may be an issue, and many detection technologies cannot be suitably deployed on 
small scales.   
 In order to address these issues, the Zero Emission Research and Technology Center (ZERT, a collaborative 
involving two universities and six DOE national laboratories) has developed a site with controlled, shallow release 
of CO2 over a significant spatial extent.  Size of the slotted horizontal well and flow rates were both chosen to be 
relevant to detection issues in engineered geological storage systems.  Release occurs in the ground water and a 
wide variety of detection methods have been implemented with the goal of establishing detection limits for various 
methods, determining efficacy of monitoring strategies and understanding transport from the saturated zone to the 
vadose zone and ultimately to the atmosphere. 
2. Field site description 
The ZERT field site is located on an agricultural plot at the edge of the MSU-Bozeman campus in Bozeman, 
Montana.   Plant coverage is about 70% grasses with the remainder being alfalfa, clover, dandelion, and thistle.  
Sampling of the shallow subsurface soil conditions revealed two distinct soil zones.  A topsoil layer of silt and clay 
varying in thickness from 0.2 to 1.2 meters lies over cohesionless sandy gravel.  The hydraulic conductivity of the 
sand gravel aquifer is high (~1.4 m/day). 
The depth of the water table at the field site is close to the ground surface.  During the time of the 2008 summer 
CO2 releases at the facility the water level was measured to be about 1.5 meters below the ground surface.  The 
direction of the ground water gradient was estimated from measurements made in 2006 to be 17 degrees west of 
north.   
Meteorological data is collected by a weather station on the field site.  Variables recorded continuously 
throughout the releases include barometric pressure, temperature, relative humidity, precipitation, and wind speed 
and direction.  In addition to weather data, local soil moisture levels in the upper 30 cm of soil are recorded by an 
array of 15 water content reflectometers. 
3. Controlled release infrastructure 
A 98 meter long horizontal well was installed at the site by horizontal directional drilling in December of 2006.  
The orientation of the well is 45 degrees east of true north.  The well casing is 10.16 cm diameter Schedule 40, 304L 
stainless steel pipe.  Fifteen meters and 12 meters on the southwest and northeast ends respectively, is solid casing.  
The remaining central 70 meters is slotted to allow CO2 to exit the well.  The average depth of the slotted section of 
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the well is 2 meters below the ground surface putting most of it in the sandy gravel layer and below the water table 
during the releases. 
The well is divided into 6 zones by a natural rubber packer system designed at Lawrence Berkeley National 
Laboratory.  Because each zone is plumbed separately and has a dedicated mass flow controller, the flow rates to 
each zone can be varied independently.  The CO2 injected originated from Alberta and Wyoming natural gas fields 
and was stored as a refrigerated liquid on site.  The CO2 was delivered to the well in gaseous form at ambient 
temperature and at pressures only slightly above atmosphere. 
4.   Pre-injection modeling   
The overall objective of the MSU shallow-release experiments is to test various monitoring and detection 
approaches for their applicability and usefulness to geologic carbon sequestration monitoring and near-surface CO2 
leakage and seepage detection in particular.  With this objective in mind, we carried out modeling studies to 
anticipate and design the monitoring network, e.g., grid spacing and extent around the well of monitoring points, as 
well as to predict pressures and migration patterns as a function of the CO2 injection rate. 
In order to design an appropriate CO2 injection rate for the objectives of the project, two-dimensional simulations 
of CO2 injection were carried out prior to the actual release.  In addition to informing us about expected seepage flux 
and breakthrough time, these simulations also provided insight into the subsurface spreading and post-injection 
dissipation of injected CO2. 
The simulations were carried out [Lewicki et al., 7] using TOUGH2/EOS7CA [Oldenburg and Unger, 8; 
Oldenburg and Unger, 9; Pruess et al., 10], a research module of TOUGH2 that models subsurface flows of water, 
CO2, and air.  As an approximation of the shallow system at the site, the domain was divided into two layers, soil 
from 0 to 1.2 m depth, and cobble from 1.2 to 5 m depth (bottom of domain). 
Properties of the soil and cobble were roughly estimated from descriptions of the materials excavated in test pits 
at the site.  Permeability is the most important property of the materials for predicting flux and breakthrough times 
as a function of injection rate.  Soil and cobble permeabilities were manually calibrated using a radial model to 
match CO2 flux measurements made in the summer of 2006 during an injection into a 3.2 m deep vertical well 
situated just north of the horizontal well.  
 
 
a. 
 
b. 
 
Figure 1.  Summary of surface CO2 flux (a) and shallow CO2 concentration (mass fraction) (b) for various injection 
rates as a function of time. 
 
The calibrated permeabilities were then used in a two-dimensional grid transverse to the horizontal well for 
running predictive simulations with various injection rates.  The low injection-rate case of 100kg/day shows 
breakthrough is just about to occur after 2 days, while after 10 days spreading at the surface is approximately 5 m.  
L.H. Spangler et al. / Energy Procedia 1 (2009) 2143–2150 2145
4 Author name / Energy Procedia 00 (2008) 000–000 
A range of injection rates was simulated, a summary of which is plotted in Figure 1 in terms of surface flux and 
shallow-soil concentration.  The expectation based on these simulations is that breakthrough will occur between 2-3 
days after injection begins with the maximum flux approximately 380 g m-2 s-1, in good agreement with what was 
observed in the actual test [Lewicki et al., 7] in the summer of 2007 for which 100 kg/d was chosen as the injection 
rate. 
5.   Controlled CO2 releases 
Over the 2007 and 2008 field seasons controlled releases of CO2 were performed at two different flow rates.  
From July 9-July 18, 2007, CO2 was injected into the horizontal well at a total flow rate of 0.1 ton/day.  Two 
experiments (August 3-10, 2007 and July 9-August 7, 2008) were performed at 0.3 ton/day.  For any given 
experiment CO2 flux into all six packer zones was equal. 
6.   Experimental techniques 
Transport of CO2 through the soil, air, water, and plants was investigated using a wide variety of near surface 
detection techniques deployed by collaborators from Lawrence Berkeley National Lab, the National Energy 
Technology Lab, Los Alamos National Lab, Pacific Northwest National Lab, Lawrence Livermore National Lab, 
Brookhaven National Lab, the U. S. Geological Survey, Montana State University-Bozeman, and West Virginia 
University.  Techniques included soil flux chambers, eddy covariance, soil gas measurements, perfluorocarbon 
tracer studies, laser-based differential absorption measurements (both free space atmospheric and below surface soil 
gas), stable isotope studies, multispectral and hyperspectral imaging for plant stress detection, water sampling, and 
inelastic neutron scattering.  Figure 2 show a schematic of the layout of experimental techniques for the 2008 field 
season. 
 
Figure 2.  Schematic layout of experimental techniques for the 2008 field season.  Perfluorcarbon tracer detection 
and soil flux measurements were performed in the shaded area labelled NETL; the shaded area labelled PNNL 
housed an array of CO2/H2O analyzer chambers; EC tower locations represent the positions of the eddy covariance 
stations.  
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6.1. Accumulation chamber measurements of soil CO2  flux 
Soil CO2 flux was measured repeatedly on a daily basis on a grid around the horizontal well by Lawrence 
Berkeley National Laboratory [Lewicki et al., 7] using a WEST Systems Fluxmeter (WEST Systems, Pisa, Italy) 
based on the accumulation chamber method [e.g., Chiodini et al., 11].  These measurements characterized the spatio- 
Figure 3.  Image map of log soil CO2 flux, measured using the accumulation chamber method.  The trace of the 
horizontal well on the surface is indicated by the black box in the center of the grid points. 
 
temporal evolution of the leakage signal during the two 2007 releases.  Figure 3 shows a map of soil CO2 flux 
constructed based on measurements made on one day during the second release [Lewicki et al., this issue, 12].  As 
exemplified in Figure 3, elevated CO2 fluxes were measured at six point sources aligned along the well trace during 
the releases of 2007.  These “hot spots” were probably caused by flow of injected CO2 from low to high elevation 
within the injection zones, followed by vertical migration to the surface when the CO2 reached the barrier of the 
packers.  Also, the lateral spread of leakage CO2 away from the well trace at these spots was typically only <5 
meters.   As mentioned above, flux measurements agreed well with pre-injection modeling predictions for the timing 
of the breakthrough of CO2 out of the ground surface [Lewicki et al., 7].  By the eighth day of both 2007 releases, 
the surface CO2 leakage fluxes reached near-steady state, with the leakage discharges (0.10 and 0.33 ton CO2 per 
day on 07/16/2007 and 08/10/2007, respectively) close to the injection rates.  Further details on the spatio-temporal 
evolution of surface CO2 fluxes measured using the chamber method during the 2007 release are found in [Lewicki 
et al., 7]. 
6.2. Eddy covariance measurements of net CO2  flux 
The eddy covariance method [e.g., Baldocchi et al., 13; Foken and Wichura, 14; Aubinet et al., 15; Baldocchi 16] 
determines the net flux of CO2 over a land surface by measuring the temporal covariance of vertical wind velocity 
and CO2 density at a fixed height above the ground.  An eddy covariance station from Lawrence Berkeley National 
Laboratory located approximately 30 meters northwest of the horizontal well (see Figure 2) measured net CO2 flux 
continuously during the summers of 2006 and 2007 [Lewicki et al., 12; Lewicki et al., 17].  CO2 fluxes were 
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typically negative during daytime periods due to photosynthetic uptake of CO2 and positive during the nighttime due 
to plant and soil respiration.  Changes in eddy covariance CO2 fluxes were subtle during the first 2007 release at 0.1 
t CO2 d-1 and therefore difficult to discern from background variations.  A clearer surface leakage signal was evident 
during the 0.3 t CO2 d-1 release of that year, where shift toward more positive nighttime and less negative daytime 
CO2 fluxes was observed [Lewicki et al., 17]. 
Los Alamos National Laboratory also placed an eddy covariance station on the field for the 2007 and 2008 
releases.  This station was positioned approximately 30 meters southeast of the horizontal well in 2008. 
6.3. Perfluorcarbon tracers  
The National Energy Technology Laboratory (NETL) deployed an array of sorption tubes at a depth of 1 meter to 
monitor for the presence of a perfluorocarbon tracer that was injected along with the CO2 into a single zone (zone 4 
in Figure 2) for a portion of the 0.1 ton CO2 /day release of 2007.  For the 2008 experiments, the tracer detection 
array was above the soil surface in order to detect and characterize the atmospheric plume.   Since there is no natural 
source of background for these tracers detection of them provides a very sensitive method.  NETL researchers also 
measured soil-gas fluxes and soil gas CO2 depth profiles.  See Strazisar et al. [18] for additional details. 
6.4. Differential absorption measurements using laser based instruments – atmosphere and soil gas 
A differential absorption instrument based on a continuous wave temperature tunable distributed feedback (DFB) 
laser has been developed at Montana State University for measuring atmospheric concentrations of CO2 [Repasky et 
al., 19; Humphries et al., 20].  The LIDAR measured path integrated CO2 concentrations above ground in two 
orthogonal directions.  The first path was along the top of 29 meters of the horizontal well (See retroreflectors in 
Figure 2).  The laser light was reflected with a retroreflector back to a photo-detector which monitored the optical 
power of the light transmitted through the path length.  To get an estimate of the level of background CO2 present, a 
flip mirror directed the laser beam to a second retroreflector defining a path 90 degrees off the well trace.  This 
system was easily able to measure elevated CO2 levels above the horizontal well.  The elevated CO2 levels measured 
during this experiment were clearly discernable even with the presence of the naturally occurring diurnal CO2 
cycles. 
A second differential absorption instrument was deployed to measure real time underground CO2 soil gas 
concentrations.  It is also based on a continuous wave temperature tunable DFB laser. The laser light is delivered via 
fiber optics to three underground sensors.  The sensors are buried in cases fitted with gas permeable membranes that 
allow soil gas to diffuse into the case but keep water out.  In 2008 the box containing a 1 m long absorption cell and 
reference detector was buried approximately 0.75 m below the surface at a perpendicular distance of 1 m away from 
the release pipe.  The box containing a 0.3 m absorption cell and a sensor utilizing a photonic band gap (PBG) fiber 
was buried approximately 0.75 m below the surface directly over the release pipe.  The light interacts with the CO2 
that diffuses into the hollow core of the PBG fiber allowing the sensor to monitor the below ground CO2 
concentrations.  The underground sensors deployed at the CO2 release experiment were able to measure the elevated 
CO2 levels resulting from the controlled underground release.  The underground system measured typical 
background CO2 soil gas concentrations of 4,000 ppm.  During the 0.3 ton/day release of 2008 CO2 soil gas 
concentrations of 30,000 ppm were routinely seen. 
6.5. Stable isotopes 
Stable isotopes of CO2 are useful tracers.   They can be used to readily distinguish between CO2 leakage from an 
underground reservoir and CO2 that is found in the natural background (product of respiration and photosynthesis).  
CO2 that is injected into storage reservoirs originates from two primary reservoirs: (1) underground 
carbonate/silicate reservoirs and (2) natural gas and soon to be power plant systems.  The carbon isotope signature 
of this CO2 is unique from organic respiration and therefore can be a marker for high sensitivity leak detection at 
either a point or a regional analysis.  At the ZERT controlled CO2 releases of 2007 and 2008 Los Alamos National 
Laboratory used stable isotopes to track the movement of CO2 in soils, plants, water, and air (both within the canopy 
and over the surface (through chambers)).  In the 0.1 ton/day release of 2007, results showed that the CO2 seepage 
was detected through the chamber measurements within 1 day after release and as far as 2.5 m away from the source 
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(horizontal well).  The canopy up to 2 m above the soil surface showed impacts of seepage within two days of the 
start of the release; the plants showed a signature within 10 days and up to 7 m away; and the water showed the 
seepage signature within 1 day of release and up to 3 m away.  The soils did not show an impact over the course of 
the experiment (10 days in 2007).  Results from the 2008 release are currently being analyzed. 
6.6. Water chemistry 
Five pairs of water monitoring wells were installed in zone 6 (see Figure 2) to investigate changes in the 
chemical composition of shallow groundwater following CO2 injection, and allow for sampling of the head space 
gas.  One well in each pair was 3 meters deep and the other 1.5 meters deep.  Four pairs are downgradient of the 
horizontal well at distances from the horizontal well between 1-6 meters and one pair is 2 meters upgradient. 
During the 2008 field season the United States Geological Survey did extensive monitoring and sampling of 
several relevant water chemistry parameters before, during, and after CO2 injection.  Measurements of water level, 
pH, alkalinity, electrical conductance, and dissolved oxygen were made in the field.  Analysis in the laboratory 
currently being carried out includes determination of major, minor and trace inorganic compounds, DOC, and a 
selection of organic compounds as well as some isotopes. 
6.7. Plant health 
Researchers from UC-Santa Cruz and Montana State University investigated whether changes in plant health 
could potentially be used to identify leakage of CO2 from an underground reservoir.  Two different portable 
hyperspectral (ASD, and Resonon) and one stationary multispectral imager followed the changes in the visible and 
near infrared reflectance spectra of several plants at various distances from the horizontal well.  The Resonon 
hyperspectral imager was also flown over the field site 27 days after the injection of CO2 began in 2008. 
The imaging techniques saw unambiguous decline in plant health at the 0.3 ton CO2/day flow rate.  The CO2 
induced effect from the injection was detectable above natural seasonal variations such as the stress of the plants 
drying out as the summer heated up as well as improvements in plant health from infrequent but substantial discrete 
rain events in mid-July.  It was also noticed that the level of response to the injected CO2 was dependent on plant 
species.  Compromised plant health was seen in plants up to 2.5 meters off “hot spots” along the horizontal well. 
6.8. Other  
Pacific Northwest National Laboratory expanded an array of multi-port CO2/H2O analyzer chambers used in the 
2007 season from 15 (covering a 4-m x 8-m area centered over the horizontal CO2 injection well) to 26 chambers 
covering a  10-m x 10-m area in packer zones 2 and 3.  This fully automated system collects concentration data 
continuously.  The data is currently being analyzed. 
Twenty-six days after the beginning of the 2008 0.3 ton CO2 /day injection Brookhaven National Laboratory 
made several inelastic neutron scattering measurements on and off spots of high CO2 surface flux to look for an 
increase in total carbon.  Those results are still being analyzed. 
7.   Conclusions 
ZERT has constructed a site to carry out controlled shallow releases of CO2 at flow rates relevant to developing 
monitoring strategies for geological carbon storage.  Several near surface detection techniques were deployed at the 
site over the past 2 summer field seasons to investigate transport of CO2 through soil, air, water, and plants.  Even at 
relatively low fluxes, most techniques were able to detect elevated levels of CO2 in the soil or atmosphere.  Plant 
stress induced by CO2 was detectable as well in spite of background stress due to unusually hot and dry conditions.  
Additionally, modeling of CO2 transport and concentrations in the saturated soil and in the vadose zone was 
conducted. 
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